ABSTRACT: Doping nanocrystals (NCs) with luminescent activators provides additional color tunability for these highly efficient luminescent materials. In CsPbCl 3 perovskite NCs the exciton-to-activator energy transfer (ET) has been observed to be less efficient than in II−VI semiconductor NCs. Here we investigate the evolution of the exciton-to-Mn
■ INTRODUCTION
Lead halide perovskite NCs CsPbX 3 (X = Cl, Br, I) emerge as a promising class of materials for optoelectronic application because of their superb optical properties, e.g., high photoluminescence quantum yield (PL QY), short exciton lifetime, wide spectral tuning range covering the full visible spectrum, and ease of preparation. 1−6 Incorporation of luminescent dopants (Mn 2+ , lanthanides ions) has been reported recently and provides additional flexibility in tuning the optical properties for specific applications. 7−12 Of the particular interest is the dopant ion Mn 2+ , whose efficient broad band emission is centered around ∼600 nm and is detuned from the absorption of the perovskite host, thus preventing reabsorption of the exciton emission which is important in e.g. solar cell applications. Recently, Mn 2+ -doped CsPbCl 3 NCs assisted solar cell have been successfully manufactured. 13, 14 Despite the extensive research, 15 −17 the understanding of energy transfer between exciton and Mn 2+ is still limited, especially the combined role of halide composition (Br/Cl ratio), Mn 2+ content, and temperature. Energy transfer (ET) from the exciton to Mn 2+ is orders of magnitude slower than in Mn 2+ -doped II−VI QDS (CdS/ZnS:Mn 2+ ), and even for high Mn 2+ doping concentrations exciton emission from the perovskite host is still present. 9, 15, 16, 18 The inefficient ET has been attributed to the more ionic character of the perovskite NCs and the weaker confinement which reduces ET by wave function overlap. The influence of Cl − ↔ Br − substitution on the ET is not extensively studied. In various reports, a decrease in the relative Mn 2+ emission intensity was observed upon replacing Cl − by Br − . 7, 19 The decrease can be explained by a narrowing of the bandgap which allows for back-transfer from Mn 2+ to the exciton state for higher Br − content. 7, 19 Upon close inspection, however, an initial increase in relative Mn 2+ emission intensity is observed for low Br − content, followed by a rapid decrease of the Mn 2+ /exciton emission intensity ratio (I Mn /I Exc ). Here we aim to gain further understanding of the exciton-to-Mn 2+ ET in mixed CsPbCl 3−x Br x NCs and focus on systems with a relatively low Br − content. Temperature (4.2− 295 K)-dependent emission of a series of Mn 2+ -doped CsPbCl 3−x Br x (x: 0−1.18) NCs is reported. Upon anion exchange of Cl − by Br − we find two distinct regimes. In the first regime, where the exciton peak shifts from 405 to 420 nm, there is a strong increase in the Mn 2+ to exciton emission intensity ratio with increasing Br − content. The increase is explained by a reduced exciton decay rate combined with faster exciton-to-Mn 2+ ET. In the second regime, further replacement of Cl − by Br − leads to a continued exciton red-shift from 420 to 440 nm but now accompanied by a marked decrease of the Mn 2+ /exciton intensity ratio. This decrease is explained by back-transfer from Mn 2+ to exciton state because of narrowing of the bandgap resulting in overlap of Mn 2+ excited states with host band states. In addition, the temperature dependence and decay kinetics of both exciton and Mn 2+ emission have been measured and reveal a weaker temperature dependence of the exciton-to-Mn 2+ ET efficiency than previously reported for pure CsPbCl 3 :Mn 2+ NCs. 16 The present results provide important insight into the ET transfer dynamics of Mn 2+ -doped perovskite nanocrystals that will aid to optimize the ET and Mn 2+ luminescence efficiency.
■ RESULTS AND DISCUSSION
Fast anion-exchange is one of the unique properties of lead halide perovskite nanocrystals (NCs). 20, 21 The rapid exchange allows a facile postsynthetic treatment to continuously vary the composition and properties of these materials. Replacement of lighter halides (Cl − ) by heavier halide ions (Br − or I − ) decreases the bandgap, or vice versa. Notably, during such rapid anion exchange the cationic sublattice of NCs is largely unaffected because of the lower mobility of the cations. As a result, the parent NCs' morphological features and size dispersity are maintained during the anion-exchange process.
Anion exchange can be achieved by addition of a halide precursor. As a control experiment, the influence of Cl − ↔ Br − anion exchange was first investigated for undoped CsPbCl 3 NCs. CsPbCl 3 NCs of ∼12 nm were used as parent NCs. Addition of bromide precursors into the colloidal solution of CsPbCl 3 NCs initiates the Cl − to Br − ion exchange. The halide exchange induces a red-shift of both the absorption onset and exciton emission peak, indicating the narrowing the bandgap as the result of gradual substitution of Cl − by Br − . In Figure 1a , the absorption and emission spectra are shown upon raising the Br − content in CsPbCl 3−x Br x from x = 0 (black spectrum, bottom) to x = 1.18 (blue spectrum, top). Fine-tuning of the Br − content results in shift of the absorption onset and emission in the range 400−442 nm. The Br − content x can be estimated based on the position of the exciton emission peak. A continuous shift to longer wavelengths from 404 nm (x = 0) to 420 nm (x = 0.6) to 437 nm (x = 1.1) to 487 nm (x = 2.4). 7 Similar shifts are reported in ref 22 . On the basis of the known relation between the exciton peak position and Br − content, we determined the Br − content in our samples from the position of the exciton emission peak. The Br − content increases from x = 0 for sample 1 to x = 0.55 for sample 3, x = 0.84 for sample 5, x = 1.07 for sample 8, and x = 1.18 for sample 11. Besides the red-shift of the photoluminescence, with the replacement The origin of the substantial enhancement of PL QY is twofold. First, the addition of a halide source efficiently passivates the surface halide vacancies. Surface halide vacancies provide nonradiative recombination sites (sub-band trap state) which reduce the PL QY of exciton emission. 23, 24 The origin of halide vacancies is a halide deficiency resulting from the synthesis strategy. In a typical synthesis, PbX 2 is used as the halide source and subsequent addition of Cs−oleate triggers the crystallization of CsPbX 3 with a metal to halide ratio = 1:1:3 (Cs:Pb:X). Consequently, the Pb 2+ ions are in excess and thus contribute to the creation of halide vacancy trap states. 25 In addition, the postsynthetic purification contributes to the loss of surface halide ions. Filling of halide vacancies in a halide-rich reaction medium has been shown to enhance the PL QY. 26, 27 Also for Mn 2+ -doped CsPbCl 3 NCs, the PL QY of the exciton emission increases compared to undoped CsPbCl 3 NCs synthesized under similar conditions. 8 The halide ions introduced by the added MnCl 2 contribute to the enhancement of the exciton emission. Furthermore, the position of trap states relative to the bottom of conduction band varies with the halide composition. With the narrowing the bandgap, the density of trap states within the bandgap can decrease substantially, which render NCs with a smaller bandgap more efficient as demonstrated by Kovalenko et al. 28 and Yamauchi et al. 29 With increasing PL QY the exciton emission lifetime lengthens (Figure 1b ), consistent with a reduction in the nonradiative decay rate.
Chemistry of Materials
In the subsequent section, we focus on the influence of anion composition on the exciton-to-Mn 2+ ET efficiency. The starting Mn 2+ -doped CsPbCl 3 NCs were synthesized with a hot-injection method and a 2.8 at. % concentration of Mn 2+ which is an optimum concentration to realize high Mn 2+ luminescence efficiencies. Exciton-to-Mn 2+ ET becomes less efficient for lower doping concentrations while for higher concentrations concentration quenching occurs. 16 Representative TEM images and photographs of both doped and undoped CsPbCl 3 NCs and an EDX spectrum of doped CsPbCl 3 NCs are shown in the Supporting Information ( Figure SF1 ). Similar morphology and size distribution are observed for the Mn 2+ -doped and undoped CsPbCl 3 NCs (cubic, with edge length of ∼12 nm). PL properties of Mn 2+ -doped CsPbCl 3 NCs resemble their undoped counterpart with a few noteworthy differences. For Mn 2+ -doped CsPbCl 3 NCs, a slight blue-shift of the absorption spectrum is noticed and ascribed to an alloying effect. Replacement of Pb 2+ by the smaller and more ionic Mn 2+ ion results in a widening of the bandgap with increasing Mn 2+ content 7 similar to the widening of the bandgap observed for Mn-doped CdSe QDs. 30 The loss of sharpness of the absorption spectrum at the onset reflects the statistical nature of dopant inclusion within the ensemble of NCs. To explore the influence of replacement of Cl − by Br − , a series of samples with various Br/Cl ratios were synthesized by a facile postsynthetic anion exchange using octylammonium bromide (oct-bromide) as bromide precursor. Oct-bromide is a Pb-free Br-precursor, and its use allows for anion exchange without loss of Mn 2+ from the NCs during the exchange reaction. 7 On the contrary, using PbBr 2 as a Br − source has been shown to result in Mn 2+ loss. 7 Samples with various Br/ Cl ratios have nearly identical morphology and size dispersity. No broadening of the exciton emission peak is observed which serves as evidence for the formation of homogeneous final products. The use of a halide−ammonium precursor (unlike PbX 2 , X = Cl, Br, I) avoids a role of cation exchange accompanying anion exchange and allows for a meaningful comparison between different samples. To carefully probe the role of the Br/Cl ratio, 11 samples were studied for x = 0 (no Br − ) to x = 1.18. The exact Br − content was not determined as it is difficult to completely wash away all precursor materials. The continuous shift of the exciton emission line from 404 to 442 nm shows a continuously increasing Br − content in the series of samples. The Br − content x was estimated based on the position of the exciton emission peak just as for the undoped CsPbCl 3−x Br x NCs and increases from x = 0 for sample 1 to x = 0.42 for sample 3, x = 0.79 for sample 5, x = 1.04 for sample 8, and x = 1.18 for sample 11. The normalized emission spectra of the CsPbCl 3−x Br x :Mn 2+ samples at 300 and To investigate the influence of the Br/Cl ratio on the exciton-to-Mn 2+ ET efficiency, the ratio of the Mn 2+ to exciton emission intensities (I Mn /I Exc ) was determined from the spectra in Figures 2a and 2b . In Figure 2c the ratio is plotted for the series of samples both at 300 and 4. Figure SF3 ). To understand the variation of the Mn 2+ to exciton emission intensity ratios, competition between all possible decay processes needs to be considered, i.e., radiative and nonradiative decay of the exciton as well as forward and back energy transfer between exciton and Mn 2+ . As discussed above, for undoped CsPbCl 3 a substantial increase in the PL QY is observed for the exciton emission during the Cl − to Br − anion exchange process by elimination of surface trap states which reduces nonradiative exciton decay and turns on dark NCs. The fast nonradiative decay will compete with both exciton emission and energy transfer to Mn 2+ in Mn 2+ -doped NCs. Upon anion exchange the addition of Br − anions leads to passivation of surface states and causes a decrease in the direct nonradiative decay channel. The decrease in the nonradiative decay rate for the exciton emission that accompanies the anion exchange process cannot explain the increase in the relative intensity of the Mn 2+ emission as it would mostly enhance the exciton emission intensity. Nonradiative ET to surface trap states is fast and is expected to dominate in NCs with surface trap states. It is responsible for a decrease in the overall emission intensity. The relative intensities of exciton and Mn 2+ emission are determined by competition between the radiative decay rate of the exciton emission and the ET rate to Mn 2+ . The increase in ratio of the Mn 2+ -to-exciton emission intensity ratio upon substitution of Cl − by Br − therefore reflects the change in ratio between the radiative exciton decay rate (k r Exc ) and the energy transfer rate to Mn 2+ (k ET ). The observed increase in the relative intensity of the Mn 2+ emission can be explained by two effects: (1) the radiative exciton decay rate decreases with increasing Br − content and (2) the exciton-toMn 2+ ET rate increases. A decrease of the radiative decay rate of exciton emission both at room temperature and at cryogenic temperatures has been reported from CsPbCl 3 to CsPbBr 3 to CsPbI 3 . 4, 34 The influence of chemical composition on the exciton-to-Mn 2+ transfer rate is not well established. It is clear that the ET efficiency is low in comparison to the II−VI semiconductor QDs where ∼20 ps transfer times have been observed. 32 The slow nanosecond ET in CsPbCl 3 has been attributed to the ionic character of the perovskite NCs. In addition, the larger size of the perovskite NCs (typically ∼10 nm) in comparison with the II−VI QDs (3−6 nm) will reduce wave function overlap and thus reduce the ET rate. Substitution of Cl − with Br − will increase the host covalency and can qualitatively explain the observed increase in ET rate.
Following the initial strong increase of I Mn /I Exc with the fraction of Br − ions, a sharp decrease of the relative Mn 2+ emission intensity is observed upon further raising the Br − content, in the regime where the exciton emission shifts from 420 to 442 nm. This cannot be explained by a change in k r Exc (which expected to continue to decrease with Br − content) or k ET (which will continue to increase with Br − content). However, as the bandgap narrows with increasing Br − content, back-transfer from Mn 2+ to the exciton can occur. As the radiative decay rate of the exciton emission is about 10 6 times higher than the slow (milliseconds, spin-and parity-forbidden) Mn 2+ emission, already for small thermal population levels back-transfer will result in dominant exciton emission. The situation is analogous to that for CdSe:Mn 2+ . In small CdSe QDs (large bandgap) fast trapping of the exciton results in dominant Mn 2+ emission. In larger QDs with a narrower bandgap, the proximity of the Mn 2+ excited states and the band edge of the CdSe QDs results in efficient back-transfer from Mn 2+ to the exciton, giving strongly temperature-dependent Mn 2+ and exciton emission intensities. 33 The back energy transfer is a thermally activated processes with a rate proportional to the exp(−E a /k B T) in which the activation energy E a is the energy separation between the band edge and the emitting state of Mn 2+ . The activation barrier E a is reduced with the progressive exchange of Cl − by Br − , and hence the
Article thermally activated back energy transfer becomes more pronounced and causes a reduction in the I Mn /I Exc emission intensity ratio. The back energy transfer is also collaborated by the time-resolved PL measurement of Mn 2+ . The shortening of excited lifetime of Mn 2+ with increasing of bromide fraction (decreasing of E a ) provides additional experimental evidence of back energy transfer (for decay curves, see Figure SF3 ). Note that also enhanced spin−orbit interaction through the replacement of chlorine by heavier bromide contributes to faster decay of Mn 2+ emission (heavy atom effect, coordination with heavy ligands enhances spin−orbit coupling to relax the spin-selection rule for spin-forbidden transitions).
To obtain further information on the competition between exciton emission and exciton-to-Mn 2+ ET as a function of host composition in CsPbCl 3−x Br x , photoluminescence measurements were conducted in liquid helium (4.2 K, Figure 2b ). At cryogenic temperatures thermally activated quenching by trap (surface) states is reduced, and the relative intensities of the Mn 2+ and exciton emission (I Mn /I Exc ) more closely reflect the composition dependence of k ET /k r Exc . The evolution of intensity ratio of various samples at 4.2 K is depicted in the Figure 2c . A similar trend is found as for the measurements at 295 K. An initial increase of the intensity ratio is followed by a decrease, now starting at a sample with a higher Br − content (exciton emission at 430 nm). The absolute values of the intensity ratios I Mn /I Exc are about 10 times smaller at 4.2 K. The higher relative intensity of the exciton emission and can be understood from the much faster radiative decay rate k r Exc of the exciton emission at 4.2 K. 34 Contrary to other QDs (e.g., II−VI and IV−VI), the lowest exciton state is a bright state for CsPbX 3 perovskite nanocrystals with an order of magnitude faster decay rate than higher energy exciton states which are thermally populated at room temperature. 34 The higher value for k r Exc at 4.2 K and a similar value for k ET explain the large difference in I Mn /I Exc between 4.2 and 300 K.
The composition dependence shows that upon raising the Br − content in the CsPbCl 3−x Br x :Mn 2+ NCs again an initial increase in I Mn /I Exc is followed by a sharp decrease. The transition point has shifted to a higher Br − content (i.e., smaller bandgap). This is consistent with back-transfer as the mechanism responsible for the decrease in I Mn . At RT thermally activated back-transfer occurs when the Mn It is also insightful to investigate the temperature dependence of the luminescence properties. In Figure 3 , the temperature-dependent emission, luminescence decay curves, and absolute Mn 2+ emission intensities are shown for the mixed CsPbCl 3−x Br x :Mn 2+ sample with the highest relative Mn 2+ emission intensity at 4.2 K (430 nm exciton emission). The exciton emission shows a small but consistent shift to longer wavelengths (red-shift) from 430 nm at 300 K to 435 nm at 4.2 K. For most semiconductors a blue-shift is observed upon cooling and is described by the empirical Varshni equation. 38 Just as for CsPbX 3 NCs, also for PbX (X = S, Se, Te) QDs an anomalous red-shift has been reported upon cooling and has been explained by competing influences on the bandgap energy, related to lattice contraction and freezing out of lattice vibrations upon lowering of T. 39 It will be interesting to conduct further research to elucidate the mechanism behind the anti-Varshni behavior in Pb-containing semiconductors emission upon lattice contraction.
The temperature-dependent decay kinetics of the exciton emission (inset, Figure 3a) show the increasingly fast decay upon lowering the temperature. The average decay time decreases from 1.7 ns at 300 K to 0.7 ns at 4.2 K. The faster decay can be explained by the higher radiative decay rate from the lowest (bright) exciton state. The low-temperature decay times observed are limited by the time resolution of the experimental setup (∼0.5 ns). The absolute intensity of the Mn 2+ emission (Figure 3b ) shows a continuous reduction upon cooling and decreases by a factor of 2 between 300 and 4.2 K. For Mn 2+ -doped CsPbCl 3 NCs (the parent NCs), the integrated PL intensity of Mn 2+ at 4.2 K decreased more strongly, by a factor of ∼3 compared to 300 K. An even more substantial decrease was reported by Gamelin et al., 16 who observed a 5-fold decrease of the Mn 2+ intensity upon cooling to 80 K. The origin of these differences is in the larger k ET /k r ratio for the bromine-rich samples which enhances the Mn 2+ emission and gives rise to brighter Mn 2+ emission at 4.2 K. The variations between samples reflect differences in nonradiative decay rate (surface defects) which affect the absolute emission intensities, especially at 300 K, and thus contribute to how absolute emission intensities vary. The situation in the perovskite nanocrystals is vastly different from that in II−VI QDs where a strong increase in Mn 2+ emission is observed upon cooling. The highly efficient trapping of excitons by the Mn 2+ dopants gives rise to dominant Mn 2+ emission. Both nonradiative decay rates and back-transfer rates from Mn 2+ to the exciton are reduced at low temperature in Mn 2+ -doped II− VI QDs and give rise to strongly enhanced Mn 2+ emission at cryogenic temperatures.
A more quantitative analysis of the exciton emission decay curves shows that the average decay rates of undoped (emission wavelength: 432 nm) and doped samples (emission wavelength: 430 nm) are 1.1 ns −1 (k r Exc ) and 3.7 ns −1 (k r Exc + k ET ), respectively, at 4.2 K. This enables us to calculate k ET to be approximately 2.6 ns
, and hence the k ET /k r Exc is 2.5, which is in good agreement with the branching ratio from steadystate luminescence measurement of 2.4. Even though good agreement is obtained, it is important to realize that the calculated energy transfer rate is a rough estimate as the time scale of 0.7 ns is approaching the time response of the system (∼0.5 ns).
■ CONCLUSIONS
In summary, the composition and temperature dependence of Mn 2+ to exciton emission intensity ratios have been investigated for mixed halide CsPbCl 3−x Br x perovskite NCs (x = 0 to ∼1.18). Slow (approximately nanoseconds) excitonto-Mn 2+ transfer times are observed, consistent with earlier reports. The transfer efficiency can be controlled by the Br/Cl ratio. 
